Introduction
Up to the present time several excellent excavation studies of the roots of sugar cane and other crop plants have been made, from which observations of considerable value have been secured. It is generally appreciated, however, that in the biological sciences quantitative determinations are more valuable than statements of observation and for that reason the methods outlined in this paper were developed. These methods with slight modifications are feasible for use with a number of crop plants, so that they may be of interest to other investigators in the plant sciences. An examination of the stimulating studies by WEAVER (3) , and his associates, in which the literature of root studies has been extensively reviewed, indicates that the methods employed in the present studies have not been previously in use, to any general extent at least.
In growing sugar cane or almost any crop, a large proportion of the cost of producing the crop is chargeable to the operations of tillage in preparation for root growth. It is obvious that this investment in tillage can be more intelligently made if it is known where the roots of the crop will extend or where they may be made to extend. Moreover a knowledge of the distribution of the roots enables one to prevent their injury by cutting or mutilation during the operations of cultivation. Determinations of soil moisture may be confined to the levels of the soil where the roots exist, if it can be determined where the large proportion of the roots become distributed. Irrigation applications can be more economically applied, and water conserved if it is known where the roots exist. The greatest efficiency in the use of fertilizers depends on placing them where they will be quickly available to the greatest number of roots. This is a concise statement of some of the more ready applications of knowledge of root distribution to economical and efficient crop production. WEAVER (2) has discussed in greater detail many applications of this knowledge to the growth of plants.
try netting with a 1½/2 inch mesh was placed horizontally at different depths and the sides of the boxes were detachable. The boxes were then filled with soil and the cane planted. When the cane reached an age at which it was desirable to make the determinations, the sides were taken from the boxes, the soil was washed away with a stream of water, and the roots were exposed but held in their correct position of growth by the horizontally placed poultry netting. This is more readily understood from the illustration shown in fig. 1 than from the written description. These root-study boxes are somewhat similar to the earthenware cylinders used and described by VENKATRAMAN (1) .
With the roots exposed and available for examination in this way, the first attempt to secure a quantitative expression of their distribution was by linear measurement. However, as in several previous attempts at root studies, this attempt to measure the length of the roots was not a success due to the large number of secondary and tertiary roots which made such measurements a tedious and very nearly impossible task. For this reason we adopted the procedure of weighing the roots rather than measuring their length. To do this the roots were cut off at different levels in depth, collected together from a given level, washed, oven-dried, and weighed. The first results obtained by these methods are shown in table I which follows: Although these results were an advance over the previous lack of quantitative data there was considerable doubt as to their validity for field conditions due to the abnormal aeration of the soil in boxes and the more frequent irrigation and presence of wire netting in the boxes. Moreover the roots of cane could only be studied up to a certain age because of the size of the boxes. For this reason a method for use under field conditions was developed.
Methods for quantitative root studies under field conditions In this method as in the method in root-study boxes the principle of weighing the roots rather than linear measurement was resorted to, since dry root weights are fully as good an index of absorbing surfaces as linear measurements when we are dealing with fibrous roots, and the root weights are readily obtained; whereas linear measurements are so difficult to make as to be impractical.
An area in the field was selected in which representative stools of cane could be found for study. The outermost stools of cane in a row were always avoided since they may so easily be abnormal due to the greater amounts of air, light or irrigation water at the edge of the field. In all cases the determinations were made on five stools of cane and the results averaged per stool.
The five stools of cane to be studied having been selected, the cane was cut down to the juncture of the cane stalks with the soil; this point of juncture was arbitrarily called the surface of the soil. Then from the middle of the cane stools a distance was measured out on either side to the centers of the spaces between the rows. Since the cane studied up to the present has been in all cases in five-foot rows, the distance measured from the centers of the stools was 2.5 feet. Stakes were then driven in at these center points between the rows, forming a rectangle, including the five stools to be studied. In order to form a base mark for measurements of the depths of subsequent excavations, light boards were nailed to these corner stakes and brought to a uniform level with the aid of a spirit level.
At the edge of the rectangle to be excavated a wire screen of quarterinch mesh, such as is used for screening sand for mortar or cement, was placed in a sloping position. Excavation was then started within the rectangle containing the five stools to be studied and was carried to a level which we arbitrarily fixed in these studies at eight inches below the surface of the soil. As the soil was excavated it was thrown on the wire screen standing at one side, and as the soil was sifted through the screen the roots were separated from the soil and were collected in paper bags. When an excavation reached a level of eight inches, and the roots down to amounts of roots at the different levels in depth in the soil. An illustration of an excavation in progress is shown in fig. 2 .
For different purposes, of course, these levels in the soil need not be always eight inches in depth but may be six or ten inches or whatever is found to give results of the greatest value in application. Roots of the plants being studied, which extend beyond the rectangle excavated, are compensated by the roots of the cane in the parallel rows on either side, so that there is only a slight error if any from such a source. It is appreciated, in heavy soils especially, that there is a loss of very small roots through the wire screen of quarter-inch mesh. However, the proportion of error from this source must be very nearly the same at all levels in the soil, therefore this source of error is not regarded as affecting the results seriously.
No cane stubble was included in the weighing; where the roots were dug up attached to the cane stubble, the roots were separated away with a knife and the stubble discarded. These results are shown graphically in the photograph of the root masses from the different levels, reproduced in fig. 3 .
One can see that these results check fairly closely with the results from the root-study boxes recorded in table I, that is, although the total root weights per plant varied considerably in the two studies, the percentages of the total roots in the different levels in depth were not very divergent. In both studies unexpectedly high percentages of the roots were found in the upper eight inches of soil and more than ninety per cent. were found in the upper twenty-four inches of soil. It seemed necessary to substantiate these results and build up a considerable mass of evidence to prove or disprove the presence of such a large proportion of the roots in the uppermost layers of soil. In the following tables are presented the results of a number of root excavations and weighings; the results are in every case the averages of five stools of cane.
In In the foregoing table one may observe that although the total roots per plant varied in the two fields as much as forty per cent., the percentages of the roots in the different levels of the soil were very nearly identical for the two fields. As in the preceding excavations also a very large proportion of the roots was in the upper eight inches of soil, in both cases being seventy per cent. or more. To extend the evidence as to the distribution of the roots of cane in the soil, two further excavations were made on another plantation, as shown in table IV.
A comparison of the root distribution of the two different varieties is not intended in table IV; the results are grouped together merely for economy of space. These results are in close agreement with those of the previous excavations, showing high proportions of the roots in the uppermost layers of the soil. The results with the seven-months-old Yellow Tip cane illustrate a point which will be developed in a subsequent publication, that young plants have higher proportions of roots in the surface layers of soil than plants of greater age; in other words, the center of gravity of the root masses goes lower with increasing age. Two additional excavations at different plantations, although they afford no direct comparison of roots in different soil types, still are in agreement with a thesis which has been developed in these studies: That, in general, larger proportions of the roots of sugar cane extend to the lower levels in a soil of a sandy loose texture than in more compact loam or clay soils. The results of these two excavations are shown in table V. The cane in the loose alluvial silt had a notably larger proportion of roots in the lower levels of soil than the cane in the semi-adobe, yet even in the loose alluvial silt 62 per cent. of the roots were above the 8-inch level. Notwithstanding the fact that the cane in loose alluvial soil was a ratoon crop, and the cane in the semi-adobe was a plant crop, our wide experience in these root studies leads us to feel that of the two variables in this comparison the difference in soil character was the more important one. A diagrammatic drawing of the roots of the 21-months-old H 109 ratoons, the weights of which are recorded in table VI, is shown in fig. 4 . An interesting point is that in every excavation to date the cane tonnage of the aerial parts has correlated with the root weights. In the above comparison the 176 grams of roots from the semi-adobe soil was associated with 115 tons of cane per acre, while the 161 grams of roots from the loose alluvial silt was associated with 113 tons of cane per acre.
The next excavations undertaken were of three-months-old cane of two different varieties growing under entirely comparable conditions. The results are given in These results show no appreciable differences in either root quantities or distribution for these two varieties. The large quantities of roots per stool is due to the fact that in the fields where these studies were made, the stools were much farther apart than is usually the case in most fields. Figured out on the basis of roots per volume of soil the quantities of roots in the studies recorded in table VIII were not unusual. In the Hawaiian Islands there are two distinct types of practice in raising sugar cane; one practice is to grow the cane in furrows and the other is to hill up the cane so that it is growing on the ridges. In the case of the cane for which the root studies are recorded in table VIII, the practice had been to hill up the cane in contrast to the cane in all previous studies where the plants had been growing in the furrows. The results from the hilled-up cane are markedly different FIG. 5 . Root masses of 16-months-old cane of the Lahaina variety at different levels in depth in the soil. The root masses from left to right are collections from the 8 inch soil levels in sequence from the topmost stratum downwards. The outstanding variable influencing the root distribution of the cane in this particular study was the hilling-up of this cane while the cane whose roots are shown in fig. 3 was growing in furrows.
from the root results from the cane in furrows; whereas in the cane in furrows the largest proportion of the roots was found in the topmost eight inches, in the hilled-up cane the largest proportion was found in the level from eight to sixteen inches in depth. A photograph showing graphically the root masses of the 16-months-old Lahaina cane at the different levels in the soil is reproduced in fig. 5 . In the hilled-up cane, however, as in the cane in furrows the quantity of roots per volume of soil was greatest in the topmost eight inches. A diagrammatic drawing of the root distribution of the hilled-up H 109 cane, the root weights of which are recorded in table VIII, is reproduced in fig. 6 . In both methods of cultivation, excavation studies to date have shown in all cases more than 85 per cent. of the roots existing above the 24-inch level and a large part of the results have shown even higher proportions of the roots in the topmost two feet. On the other hand, if one is growing a cane variety susceptible to root rots or if the cane is to be unirrigated, the roots of the cane on the ridges will secure much better aeration and develop greater feeding surfaces than the roots of the cane in furrows, where the blanket of soil between the rows shuts off aeration to some extent.
In excavating the roots in the foregoing studies it has been observed in many instances that the root masses from the topmost layers will be a considerably lighter color, a light brown, than the root masses from the lower levels of soil which are dead black. This difference in color seems to be due to the much greater number of small secondary feeding roots in the root masses from the topmost layers than in the lower layers of soil. It is also observable that there is a considerably greater amount of cortex rots on the roots from the lower levels of soil than on the roots from near the surface. These observations have led to the feeling, admittedly unsupported by quantitative data, that aeration is the chief factor in developing secondary feeding roots and in preventing cortex and probably stele rots.
The quantitative data presented in the foregoing tables indicates the necessity of shallow cultivation to avoid cutting the roots. Mr. FRANK BROADBENT, Agriculturist of the Hawaiian Commercial and Sugar Company, has pointed out the heavy exudation of the plant juices from the cut end of cane roots and this has since been observed very commonly in these excavation studies. On the other hand one feels that if aeration is the chief factor in promoting the maintenance of good feeding surfaces on the roots, then deep tillage preparatory to planting, and the incorporation of organic matter in the lower levels of the soil, are extremely important.
Sugar cane in the Hawaiian Islands is grown with almost no rotation of the fields to other crops and with but slightly more fallowing. This has led to the question as to how long the crop may be continued in the absence of such practices without injury to the yields. The frequent answer to this has been that the roots of the cane crops provide a quantity of organic matter which remains in the soil and so lessens the need for rotation and fallowing. There have been no quantitative data of the amounts of organic matter returned to the soil by such roots, so that the question has admittedly been an open one. Based on 8,500 stools of cane per acre, found on most irrigated plantations in Hawaii, the root quantities found per stool and reported upon in this paper mean that from 0.9 to 1.85 of a ton of dry organic matter is returned to the soil by the cane roots per crop. The writer would not attempt to say whether this is sufficient to perpetuate the cane crop, but the data at least give a definite basis for discussion and experimentation. Summary 1. A method was developed for growing sugar cane in boxes which had detachable sides and horizontally placed wire screens; the soil could be washed from these boxes with a stream of water, leaving the roots exposed and held in their natural position by the screens of wire netting. By cutting the roots at given levels, washing them, and weighing them ovendried, a quantitative knowledge of the distribution of the roots was available. This method was superseded by a method for studying roots under field conditions, but the box method is still useful to supplement the field method.
2. A method of studying the distribution of plants growing under field conditions was developed from the root-study-box method. An excavation was made to the middle points between the cane rows on either side of the plants being studied and to a depth which was made, for convenience, eight inches. As the soil was excavated it was thrown on a wire screen of quarter-inch mesh and as the soil was sifted through the screen the cane roots from the excavated area were separated out and collected in bags.
